A scheme is presented to find single-particle spectroscopic factors (SF) of magic and semimagic nuclei within the self-consistent theory of finite Fermi systems (TFFS). In addition to the energy dependence of the mass operator Σ induced by the surface-phonon coupling effects which are commonly considered in this problem, the in-volume energy dependence of the operator Σ inherent in the self-consistent TFFS is also taken into account. This dependence arises due to the effect of highlying particle-hole excitations and persists in nuclear matter. The self-consistent basis of the energy density functional method by Fayans et al. is used. Both the surface and in-volume contributions to the SFs turned out to be of comparable magnitude. The results for magic 40,48 Ca and 208 Pb nuclei and semimagic lead isotopes are presented.
Z(r 1 , r 2 ) = 1 − ∂Σ(r 1 , r 2 ; ε) ∂ε
where ε λ is the single-particle energy of the state under consideration and Σ(r 1 , r 2 ; ε) is the mass operator, G = G 0 + G 0 ΣG. Here we use the notation of theory of finite Fermi systems (TFFS) [4] . Usually the energy dependence of the mass operator is supposed to be the result of the coupling of particles with the surface vibrations ("phonons") [3, 5, 6] . In the selfconsistent TFFS [7] , the in-volume energy dependence of the mass operator does also exist. It arises due to the contribution to the operator Σ of high-lying collective excitations, the giant resonances, and non-collective particle-hole excitations as well. As it is shown below, the contribution of this term to the Z-factor (1) is comparable to that from the phonon coupling (PC) effects. The in-volume term depends weakly on the nucleus under consideration and the single-particle state λ, whereas the PC one fluctuates strongly.
In this work, we deal with magic nuclei or with nonsuperfluid components of semi-magic nuclei. In this case, simple formulas for PC corrections to nuclear characteristics in systems without pairing [8] [9] [10] can be used. In practice, we found proton and neutron SFs in magic 40, 48 Ca and 208 Pb nuclei and proton ones in semimagic lead isotopes. Calculations are carried out with the use of the self-consistent basis generated by the energy density functional (EDF) by Fayans et al. [11] with the set of parameters DF3-a [12] .
II. BRIEF FORMALISM
The self-consistent TFFS approach [7, 13] was formulated for nuclei without pairing in terms of the quasiparticle Lagrangian L q , L q = drL q (r), which is constructed to generate the quasiparticle mass operator Σ q . By definition [4, 7] , the latter coincides with the exact mass operator Σ at the Fermi surface. In the mixed coordinatemomentum representation, Σ q (r, k 2 ; ε) depends linearly on the momentum squared k 2 and on the energy ε as well,
where ε
is the Fermi energy of nuclear matter. In magic nuclei which are non-superfluid, the Lagrangian density L q depends on three sorts of densities ν i (r), i = 0, 1, 2. The first two are analogs of the SHF densities ρ(r), τ (r), whereas the density ν 2 (r) is a new ingredient of the self-consistent theory being the singleparticle energy density. In the explicit form, these densities are as follows:
where ε λ and n λ are the quasiparticle energies and occupation numbers. The quasiparticle wave functions in Eqs. (3) - (5) are normalized with the weight,
The usual density ρ(r) normalized to the total particle number is
The Z-factor (1) we are interested is determined with the energy derivative
In its turn, the Σ 2 operator is
The simplest form of the corresponding term of the quasiparticle Lagrangian was proposed in [7, 13] yielding
where
F is the usual TFFS normalization factor, the inverse density of states at the Fermi surface. The dimensionless parameter λ 02 = −0.25 is used below, which is found in [7] for the best description of the single particle spectra of magic nuclei. It corresponds to the value Z 0 = 0.8 of the Z-factor in nuclear matter. This value agrees with the one found in [14, 15] from the dispersion relation for the quantity ∂Σ/∂ε in nuclear matter.
With the use of Eqs. (1), (7), (8) and (10) , the Z-factor can be expressed directly in terms of the usual density,
The self-consistent evaluation of the PC corrections to the mass operator in magic nuclei was studied in [9] with the analysis of single-particle energies. In this work we use the same approach for spectroscopic factors. In accordance with Eq. (1), the PC contribution to the single-particle Z-factor is
where δΣ PC is the PC correction to the quasiparticle mass operator Σ q . Here we deal with the perturbation theory in δΣ operator with respect to the quasiparticle Hamiltonian H 0 . As well as in [8] [9] [10] , we use the so-called g 2 L -approximation which is, as a rule, applicable to magic nuclei. Here g L is the L-phonon creation amplitude. Actually, g 2 L -correction to the mass operator contains two terms [7] , which are shown in Fig. 1 . In obvious symbolic notation, the pole diagram cor-
where ω L is the excitation energy of the L-phonon and n λ = (0, 1) stands for occupation numbers. The vertex g L in Eq. (14) reads [4] 
where A(ω) = G (ε + ω/2) G (ε − ω/2) dε/(2πi) is the particle-hole propagator, G(ε) being the single-particle Green function. As for the second, tadpole, term in Fig. 1 , it is equal to
where δ L g L can be found [7] by variation of Eq. (15) in the field of the L-phonon. We do not focus on the term δΣ tad because it does not depend on the energy ε. Hence, it does not contribute to Z PC . Vertices g L and the tadpole term are considered in more detail in [9] .
Thus, the energy derivative of the mass operator, which enters into (12) , is equal to
With the use of Eqs. (1) and (12), one obtains the total single-particle Z-factor allowing for PC effects,
The typical value of the denominators in the sum (17) is ∼ ε F A −1/3 . However, there are some cases when one of them is close to zero. This happens often in semimagic nuclei where the excitation energy of the first 2 + -state is ω 2 ∼ 1 MeV. In this case, the single-particle states λ, λ ′ which have the same parity and belong to the same shell can possess close energies, so that one gets |ε λ − ε λ ′ | ∼ = ω L . As a result, the simple perturbation theory used in (17) should be modified with separating the couple of "dangerous" states (λ 0 , λ ′ 0 ). Let us, e. g., have ε λ0 ∼ = ε λ ′ 0 −ω L . Then, for λ = λ 0 , we extract the term with λ ′ = λ ′ 0 in the sum (17). Let us denote the corresponding value of the phonon Z-factor as Z ′ . The next step is the exact solution of the two-level problem of mixing the states |λ 0 and |λ
However, there are cases of almost exact generation of these states with a trivial solution of this problem. Namely, both mixing coefficients are equal to √ 2. In this case, the phonon Z-factor is equal to
All the above formulas are written for magic nuclei in which the pairing does not exist. They are valid also for the normal component of a semimagic nucleus, with a sole exception. As far as the second component is superfluid, the RPA-like Eq. (15) should be replaced with the QRPA-like TFFS equation for nuclei with pairing [4] . In practice, we used the scheme developed for superfluid nuclei in [16] .
III. CALCULATION RESULTS
Before we start to discuss the calculation results for SFs, a comment on the "experimental" data should be made. We took the word "experimental" in quotes as this term could be used for the corresponding data, say, in the database [17], rather conventionally. Indeed, "a lot of theory" is used to extract SFs from the experimental cross sections. Typically, SFs are found from the analysis of (d, p) or (d, n) reactions within the Distorted Wave Born Approximation (DWBA). Such a procedure was convincingly criticized in Ref. [18] titled "Nonobservability of Spectroscopic Factors". Arguments are given that the ansatz for the energy dependence of the optical potential used in the DWBA calculation affects the SF values more than the measured cross-sections. In such a situation, it is concluded in [18] that it is more reasonable to put attention to a tendency in variance of SF values found in a series of experiments, e. g. for a chain of isotopes, than for their absolute values. The reaction (e, e ′ p) could be also used for extracting SFs, being simpler for the analysis than deuteron induced reactions. However, as the analysis in Ref. [19] shows, even in this most simple reaction there are doubts in a possibility to extract the occupation numbers consistently. Below, we It should be stressed that our calculations do not contain any new parameters. The set DF3-a parameters [12] of the Fayans functional proved to be rather successful in describing various nuclear characteristics including nuclear charge radii [20] , the excitation energies and BE2 values for 2 + 1 states in lead and tin isotopes [16] , the quadrupole moments of odd nuclei [21] , PC corrections to magnetic moments [8, 10] , and single-particle levels of magic nuclei [9] . As to the parameter λ 02 governing the value of Z 0 in nuclear matter, it was found in [7] from the analysis of single-particle spectra in magic nuclei. The value was confirmed [14, 15] with the analysis of the dispersion relation for the quantity ∂Σ/∂ε in nuclear matter. In its turn, the latter was resolved in terms of the known Landau-Migdal parameters.
Let us begin the analysis from the double magic 208 Pb, 40 Ca and 48 Ca nuclei, tables 1-3, with the greatest amount of the experimental data on SFs. We took the data mainly from the database [17] . The latter typically contains several values for the state and the nucleus under consideration taken from different original works which sometimes are significantly different, in agreement with [18] . As a rule, we chose the freshest one, just to have some formal how-to-do recipe. In several cases we used also the experimental SFs from [22] where some original experimental works were used in addition to [17] . Each table contains three values for the Z-factor which are the theoretical predictions for the SF. Z 0 takes into account only in-volume energy dependence of the quasiparticle mass operator (2) within the self-consistent TFFS. Z PC is the SF originating only from the PC contributions. At last, Z tot is the total SF which takes into account both effects via Eq. (18) .
As it was discussed above, the experimental values of SFs have large uncertainties. This is particularly evident in several cases with S exp ≥ 1. This permits to suspect that in many other cases the normalization of SFs could also be doubtful. Tables 1-3 contain four such "bad"  cases for 208 Pb, one for 40 Ca, and two for 48 Ca. In addition to direct experimental inaccuracies, these uncer- tainties appear because of the way to extract SFs from the data on the one-nucleon transfer reactions using the DWBA. Dropping at a time the principle objections [18] against the method itself, there is a lot of practical uncertainties in the procedure. In particular, the parameters of optical potentials used in the DWBA calculations are not known sufficiently well, especially the spin-orbit ones.
To understand which of three theoretical values for the Z-factor should be compared to the experimental SF, let us for a moment forget about principle problems with the DWBA approach and imagine that there exists a perfect theory for describing reactions (d, p) and (d, n). At small energy of the deuteron projectile and, correspondingly, small momentum transfer q ≪ k F , the wave functions of the outgoing nucleon and the one absorbed with the target nucleus "have time" to adapt to the mean field of the nucleus which, according to TFFS [4] , involves the factor Z 0 : U (r) = Z 0 (r)Σ q (r). Therefore the SF extracted from such a reaction includes only the spread of the single-particle state under consideration over nearlying many-particle configurations, those with PC contributions being the most important. In this case, the value of Z PC λ
should be compared to S exp . Another situation takes place in the case of large values of the deuteron energy and momentum transfer q ≫ k F . In this limit, the field created by the projectile feels "bare" nucleons. The weight of a bare nucleon in the state under consideration is equal to Z 0λ . As a result, the experimental SF should be compared with the total Z-factor Z tot λ . For relevant choice between Z PC and Z tot values, it is necessary to make a detailed analysis of the experimental details and the theoretical method used for description of the reaction data. It is practically impossible as far as the most of the experiments presented in [17] are rather updated. In absence of such analysis, we are forced to use some intermediate value between the phonon and total SFs to compare with S exp . It should be mentioned also that the data on SF in [17] do not contain as a rule the experimental bars. This stresses that the authors of the original works consider the accuracy of extracting SF as rather poor. In such a situation, it is hardly reasonable to make a detailed comparison with the data. If we exclude from the analysis four cases with S exp ≥ 1, a rough analysis shows that the experimental value is, as a rule, in the interval between Z tot and Z PC . The cases of preference of each limit value are divided approximately in half. As in [8] [9] [10] , the PC Z-factor in Just as in calculations of the PC contributions to the single-particle spectra [9] , the contribution of the 3 − phonon as a rule dominates. However, sometimes the total contribution of other phonons is comparable to the one of 3 − . Let us recall that Z PC is found in the g In semimagic nuclei, the situation is essentially different due to the presence of the low-lying 2 + phonon which is strongly collective and dominates in all PC effects. As a result, the difference of Z PC from unity is, as a rule, bigger than in magic nuclei. It makes sometimes questionable application of the perturbation theory used above for describing the PC effects. We consider the proton SFs in the chain of the even semimagic lead isotopes 188−212 Pb. Unfortunately, the data on SFs in these nuclei are scarce. Therefore Table 4 
IV. CONCLUSION
The self-consistent TFFS [7] is used to calculate the spectroscopic factors of double magic nuclei 40 Ca, 48 Ca and 208 Pb and the chain of semimagic lead isotopes 188−212 Pb as well. In this approach, the SF is related to the Z-factor, the residue of the single-particle Green function in the single-particle pole λ. The self-consistent basis is used of the Fayans EDF [11] with the set of parameters DF3-a [12] . The total Z-factor (18) contains the PC term induced by the low-lying surface excitations, similarly to that considered in Refs. [3, 5, 6] . In addition, it involves the in-volume component due to the energy dependence of the quasiparticle mass operator inherent to the self-consistent TFFS. It is induced by the high-lying in-volume virtual nuclear excitations, the spinisospin ones playing the main role [14, 15] . The in-volume and PC contributions to the total Z-factor are, as a rule, comparable to each other. The in-volume effect depends weakly on the nucleus under consideration and on the state λ. On the contrary, the PC contribution fluctuates strongly depending on the nucleus and the state λ we deal with.
The experimental SF should be related to the phonon Z-factor Z PC in the case of low-energy reactions with the momentum transfers q ≪ k F . In the opposite case of q ≫ k F , the total Z-factor Z tot should be used. In an intermediate situation, the experimental SF should be compared to some intermediate value between Z PC and Z tot . Keeping in mind large uncertainties in the absolute values of the "experimental" SFs [18, 19] , a direct comparison for each individual case is not much informative. In such a situation, we limit ourselves to the comparison of a tendency in our calculations with the database [17], finding a satisfactory overall agreement.
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